In native apomyoglobin, His-24 cannot be protonated, although at pH 4 the native protein forms a molten globule folding intermediate in which the histidine residues are readily protonated. The inability to protonate His-24 in the native protein dramatically affects the unfolding͞refolding kinetics, as demonstrated by simulations for a simple model. Kinetic data for wild type and for a mutant lacking His-24 are analyzed. The pKa values of histidine residues in native apomyoglobin are known from earlier studies, and the average histidine pKa in the molten globule is determined from the pH dependence of the equilibrium between the native and molten globule forms. Analysis of the pH-dependent unfolding͞refolding kinetics reveals that the average pKa of the histidine residues, including His-24, is closely similar in the folding transition state to the value found in the molten globule intermediate. Consequently, protonation of His-24 is not a barrier to refolding of the molten globule to the native protein. Instead, the normal pKa of His-24 in the transition state, coupled with its inaccessibility in the native state, promotes fast unfolding at low pH. The analysis of the wild-type results is confirmed and extended by using the wild-type parameters to fit the unfolding kinetics of a mutant lacking His-24.
H
is-24 plays a remarkable role in the structure and pH titration behavior of apomyoglobin (apoMb). His-24, which is in the B helix, is completely buried, and its neutral imidazole ring is hydrogen bonded to that of His-119 in the G helix (1-3), thus providing a strong link (4) between the B and G helices. Although His-119 can be protonated at low pH, His-24 remains neutral and cannot be protonated in the native form (N) of apoMb (2) . The charged guanidinium group of Arg-118 sits directly above the imidazole ring of His-24 in N (5). Consequently, protonation of His-24 occurs only when N forms a stable molten globule intermediate (I) at pH 4. Only a subdomain of N containing the A, G, and H helices of apoMb is stably folded in I (6) .
His-48, His-64, His-113, and His-119 have low pK a values in N (2, 7), but only His-24 is entirely resistant to being protonated in N; and protonation of His-24 at pH 4 forces the conversion of N to I. All histidine residues are protonated in the molten globule at and below pH 5, where I is formed (2); thus, the pK a values of all histidines in the molten globule are close to normal.
Because His-24 cannot be protonated in N, the question arises of whether His-24 can be protonated in the folding transition state (I ‡ ) of the N to I reaction. Barrick et al. (4) pointed out that, if His-24 is inaccessible in the folding transition state, this will present a serious kinetic barrier to the refolding of I to N at pH values where I is protonated. To answer this question, we first determine the average pK a value of the histidine residues in the molten globule, from the pH-dependent equilibrium between N and I, using data from ref. 8 , combined with the pK a values of histidine residues in the native state, determined earlier (2, 7) . The N º I equilibrium depends on pH through ⌬Q, the difference between the number of protons bound to N vs. I, and the pH dependence of its standard free energy is given by Ϫ2.303͐⌬QdpH. This integral is calculable from the pK a s of the histidines in N and I (9) when unfolding occurs in the pH range in which only histidines are titrating. We use the extensive data of Barrick and Baldwin (8) on the pH dependence of the equilibrium [N]͞[I] ratio.
After determining the average pK a value of histidines in the molten globule intermediate, the average pK a value of histidines in the folding transition state may be calculated from the plot of log k obs vs. pH (9, 10) , because the pK a values in N and I are known. Simulations reveal that, if any histidine has a pK a in the folding transition state that differs markedly from the average value, this fact will be apparent in the pH dependence of the unfolding͞refolding kinetics.
The double mutant H24V͞H119F (4) provides an important control for this analysis of the unfolding͞refolding kinetics of wild type (WT). The double mutant is stably folded: the double replacement of His-24 and His-119 with Val and Phe is found commonly in the globin family, and the nonpolar Val-Phe link between the B and G helices makes the double mutant more stable to urea unfolding at neutral pH than WT (4). The single mutants H24V and H119F are both considerably less stable than WT (4). The main cause for the WT native state's becoming unstable at low pH is the protonation of His-24 in I, and, because the double mutant lacks His-24, its N º I unfolding transition is shifted down near pH 3, where the Asp and Glu residues undergo protonation (2, 4) . The unfolding transition of the less stable mutant H36Q, which also is studied here, is shifted in the opposite direction to a higher pH range because protonated His-36 stabilizes WT through side chain interactions (4).
Experimental Procedures Protein Expression and Purification.
A synthetic gene for sperm whale myoglobin was expressed and purified as described (2, 11) . The heme was removed by acid-acetone precipitation (12) . Protein concentration was determined by absorbance in 6 M GdmCl as described (13) rate constants for folding (k f ) and unfolding (k u ) are expressed as functions of pH by assuming that the proton binding sites are independent, using the following equations.
where k f ref and k u ref are the reference rate constants for the Ib 3 N and N 3 Ib reactions, respectively, at pH 9; K is the folding equilibrium constant; and the pK ai values refer to residue i in the N, Ib, and I ‡ forms.
Results
Average pKa of Histidines in the Molten Globule. Fig. 1 shows ⌬G NI (pH), the difference in standard Gibbs free energy between N and I, calculated from data given by Barrick and Baldwin (8) , who used circular dichroism to measure the pH-induced and urea-induced unfolding transitions of apoMb at 0°C from pH 1 to 8 and from 0 to 8 M urea. They fitted the results to a simplified three-state model (N º I º U) using a minimal number of parameters. The urea-and pH-induced unfolding results are fitted closely by the three-state model, and the fitting parameters can be used to give reasonably accurate values of ⌬G NI (pH) as a function of pH.
In Fig. 1 , ⌬G NI (pH) is plotted against pH, and the fitted line is Ϫ2.303 ͐⌬QdpH, where ⌬Q is computed from the known individual pK a values of the histidines in N and from the average pK a of the histidines in I, treated as the sole unknown. The pK a values in N are corrected to 0°C [the temperature used by Barrick and Baldwin (8) ] from the 35°C values of Geierstanger et al. (2) by using the heat of protonation of free histidine, Ϫ6.9 kcal͞mol (14) , in the van't Hoff relation. The average pK a in I is found by least-squares fitting to be 6.8 (0°C). His-36 is omitted from the calculation of ͐⌬QdpH in Fig. 1 because its protonated form stabilizes N, contrary to the assumptions of the simple three-state model, and as a result the contribution of His-36 to the experimental N º I data is smoothed out in fitting the data to the model of ref. 8 . The native pK a determinations of histidine residues were made in 10 mM acetate buffer (2) whereas data for the N º I unfolding transition (8) were obtained in 2 mM citrate buffer. We show below that, although there is a significant difference in ⌬G NI in these two buffers, the same pK a values apply in both buffers.
Unfolding and Refolding Kinetics vs. pH. Although the nature of the rate equation for protein folding is still under discussion (15), there is general agreement that the transition state approximation provides the basis for the rate equation: it specifies that the folding transition state I ‡ is in equilibrium with the denatured protein in refolding and with the native protein in unfolding. There are two forms of the apoMb molten globule, Ia and Ib, which coexist in a pH-dependent equilibrium, and the kinetics of the overall folding reaction indicate that the pathway is N º Ib º Ia º U, in which N is formed directly from Ib, not Ia (16); U is the acid-unfolded form. The designation ''I'' is used here as a collective term for (Ia,Ib) when both forms are present and no further specification is needed.
In refolding to N, I ‡ equilibrates with Ib, and the pH dependence of the folding rate k f is attributed to this equilibrium:
K I ‡ is the equilibrium constant for equilibration between Ib and I ‡
, and k ‡N is the rate constant with which I ‡ breaks down to give N. Likewise, in unfolding to Ib, N equilibrates with I ‡ , and the unfolding rate k u is written
In fitting the experimental curve of log k obs vs. pH, K I ‡ is pH dependent in refolding experiments, and K N ‡ is pH dependent in unfolding experiments because these equilibrium constants depend on the pK a values of residues that titrate in this pH range. For a two-state reaction, the observed rate constant k obs is the sum of the unfolding and refolding rate constants.
Fig . 2 shows k obs plotted against pH at 4.5°C, in citrate buffer, for WT ( Fig. 2 A) and for the double mutant H24V͞H119F (Fig.  2B) . The average pK a of histidine residues in the folding transition state, determined from the WT curve, is 6.7, almost the same as in the molten globule (6.8, Table 1 ). Simulations presented below show that, if His-24 had an abnormally low pK a in I ‡ as it does in N, this would be readily observable from the shape of the curve of log k obs vs. pH. Exactly the same parameters are used to fit the WT curve and the H24V͞H119F curve (Fig.  2B) , whereas the pK a values of His-24 and His-119 are omitted in the latter. The pK a values used to fit these curves (Table 1) are discussed below.
Results in Acetate Buffer. Because citrate buffer causes the Ia º Ib equilibrium to be more strongly dependent on pH than acetate buffer (ref. 16 and unpublished results), and because we thought this behavior might affect the pH dependence of the unfolding͞ refolding kinetics, we also determined the unfolding͞refolding kinetics in 10 mM acetate buffer. Fig. 3 shows the results for WT (Fig. 3A) and two mutants (H24V͞H119F), whose unfolding curve is shifted to lower pH (Fig. 3B) , and H36Q (Fig. 3C) , whose unfolding curve is shifted to higher pH. These curves are fitted by the same pK a values determined in citrate (Table 1) , whereas the altered stability of I in acetate (Table 2 ) is taken into account by adjusting the values of k u and k f .
In analyzing the kinetics of a folding reaction, it is necessary to examine the kinetic amplitudes as well as the rates. The kinetic amplitudes in acetate buffer are shown in Quality of the Data Fitting. By using a single set of pK a values to fit the pH-dependent unfolding͞refolding kinetics not only of WT but also of the two mutants that unfold in different pH ranges (Fig. 3 B and C) , we have a further test of the pK a values. Likewise, using the same pK a values to fit the kinetic data taken Fig. 2 . The plot of log kobs vs. pH for pH-induced unfolding͞refolding in a citrate buffer (2 mM citrate͞30 mM NaCl) at 4.5°C for WT (A) and the double mutant H24V͞H119F (B). Both mutant and WT curves are fitted by using the same pK a values (Table 1) , with reference values ku ϭ 0.001 and kf ϭ 6 (A) or with k u ϭ 2 ϫ 10 Ϫ5 and kf ϭ 9 (B). The rate constants are given in units of s Ϫ1 and the reference values refer to pH 9. All pKa values refer to 4.5°C, the temperature of the experiments reported here. The estimated uncertainty of the histidine pK a values is Ϯ0.1. See text for the procedure used to fix pK a values of the acidic residues (Asp and Glu): group I corresponds to the unfolded CDEF subdomain of the apoMb molten globule, and group II corresponds to the structured A[B]GH subdomain of the molten globule. *The pK a values of histidine residues in native apoMb are taken from Fig. 2A) , when the pK a values in N and in Ib are known. § The average pKa of the histidine residues in the molten globule, determined as shown in Fig. 1.   Fig. 3 . The plot of log kobs vs. pH in 10 mM acetate buffer at 4.5°C for WT (A), H24V͞H119F (B), and H36Q (C). All three curves are fitted with same pK a values (Table 1) , which are also used to fit the data in citrate buffer (Fig. 2) , with reference values k u ϭ 2 ϫ 10 Ϫ5 , kf ϭ 6 (A), ku ϭ 2 ϫ 10 Ϫ6 , kf ϭ 6 (B), ku ϭ 5 ϫ 10 Ϫ4 , and kf ϭ 8 (C). The rate constants are given in s Ϫ1 , and the reference values refer to pH 9. Determined at 4.5°C in either 10 mM acetate or 2 mM citrate, 30 mM NaCl buffer. pH m is the pH midpoint of the unfolding transition monitored by the final fluorescence values obtained in unfolding͞refolding experiments, as in Fig. 4 A and B. ⌬G NI is the Gibbs energy difference between the native and molten globule forms at pH 9, in kcal͞mol, computed from the values of k u and k f used to fit the curve of log kobs vs. pH. *A lower value than the one given here is obtained if the baseline found for the WT protein is used.
in both acetate and citrate buffers provides an additional test of the pK a values, because the location of the pH unfolding curve shifts significantly between acetate and citrate for both WT and H24V͞H119F ( ) is an adjustable parameter in fitting the WT data, whereas the acidic pK a values of both subdomains (Table 1) are adjusted in fitting the H24V͞H119F data. The fitted curves for WT (Figs.  2 A and 3A) diverge from the data points at low pH. The divergence can be eliminated by abolishing the carboxylate pK a differences between different forms of the protein (I, I ‡ , and N), but then it becomes impossible to fit the pH-dependent unfolding refolding kinetics of H24V͞H119F. The divergence occurs at pH values where unfolding ceases to be a two-state process, as the acid-unfolded form U becomes populated (compare Figs. 3A and 4A), and we tentatively assign the divergence to failure of the two-state assumption in this pH range. A second assumption that likely affects the quality of the fitted data is that the pK a values are independent of the extent of titration of neighboring groups.
Simulation of the Effect of His-24 on the Unfolding͞Refolding Kinetics.
The fact that His-24 cannot be protonated in N gives this residue a unique role in the unfolding͞refolding kinetics of WT, as shown by simulations for a simple model with only one ionizing residue. The pK a of this residue in N is so low that its protonation cannot be observed. The rate curves in Fig. 5 are simulated for three different pK a values in I ‡ : either 6.6 (curve 1), 5.15 (curve 2), or 3.7 (curve 3). The pK a of the single residue is set at 3.5 in N and at 6.8 in I. The assigned pK a of 3.5 in N does not allow this residue to be observably protonated in N because I is formed before N is protonated. The equilibrium transition curve for pH unfolding (dotted line in Fig. 5 ) is given by the ratio k f ͞k u , containing the rate constants for folding and unfolding, and pH m , the pH midpoint of the equilibrium unfolding curve, is near 4.4, close to the experimental pH m for WT in acetate. The unfolding transition does not go to completion at low pH because the assigned pK a difference between N and I is not large enough to accomplish this when only a single residue is involved. The part of each simulated rate curve (Fig. 5 ) that lies below pH m contributes to the unfolding rate whereas the part that lies above pH m contributes to the refolding rate. The simulated curves show that the presence of a single residue whose pK a differs substantially between N and I will have a large effect on the pH dependence of the unfolding͞refolding kinetics.
The main qualitative features of the simulated results can be understood by noting two properties of the folding rate equation. First, at pH values below pH m , the unfolding rate typically dominates the overall rate (the sum of the unfolding and refolding rates), whereas above pH m the reverse is true. Second, the pK a difference between N and I ‡ controls the unfolding rate whereas the refolding rate is controlled by the pK a difference between I and I ‡ . Thus, the refolding rate is nearly pH independent in case 1 (pK a of I ‡ is close to I), whereas the unfolding rate is nearly pH independent in case 3 (pK a of I ‡ is close to N). In case 2, (pK a of I ‡ intermediate between N and I) both the unfolding and refolding rates are strongly pH dependent. In experiments on pH-induced unfolding, the minimum value of the observed rate normally falls near the midpoint of the transition curve, as in denaturant-induced unfolding. The rate curve becomes independent of pH when the difference in number of protons bound becomes pH independent: for N versus I ‡ if unfolding is being measured, and for I versus I ‡ if refolding is being measured.
Discussion
Histidine pKa Values Are Close to Model Compound Values in both I and I ‡ . The average pK a of the histidine residues in the transition state (6.7) is close to the average pK a in the molten globule (6.8; Table 1) , and both pK a values are determined by procedures in which only a single adjustable parameter is determined. The average histidine pK a value determined for the molten globule is reasonably close to values measured in small peptides [6.8-6 .9 at 25°C (17) or 7.2-7.3 at 4.5°C], considering that histidine pK a values are affected significantly by neighboring charged residues (17, 18) . In native apoMb, the range of pK a values covers 3 pH units even when His-24 is excluded (see Table 1 ). Presumably the histidine residues in the molten globule are well exposed to solvent and do not make strong interactions with neighboring side chains, unlike histidine residues in the native protein. The effect of net charge on the pK a values of the molten globule intermediate should be small at the pK a of the histidine residues in I because the net proton charge is small: there are 15 basic groups, including histidines, and 13 acidic groups in the A[B]GH subdomain of apoMb. On the other hand, the pK a values of His residues in holomyoglobin are affected by neighboring charged residues (17, 18) , and they increase measurably with NaCl concentration (18) .
Nature of the pH-Dependent Unfolding Kinetics of H24V͞H119F. The double mutant H24V͞H119F lacks His-24, and so its curve of log k obs vs. pH might be expected to have a different shape from that of WT. Surprisingly, the two curves are similar in shape (Figs. 2  and 3 ). The Asp residues of native apoMb were studied by chemical shift titration of 13 C-labeled protein; 5 of 7 Asp residues could be observed and were found to titrate with normal pK a values (2) . No data for the Glu residues are available. The double mutant kinetic data can be fitted by assigning average pK a values to the 9 Glu and Asp residues in the unfolded CDEF subdomain that are 0.6 pH units lower in N than in I ‡ ( Table 1 ). The effect on the pH-dependent unfolding rate is similar to that produced by the large (Ͼ3 pH) displacement of the pK a of a single residue, His-24, in WT. The smaller increase in the refolding rate of H24V͞H119F above pH m can be fitted by assigning an average pK a in I ‡ to the 13 acidic groups in the A[B]GH subdomain that is only 0.1 pH units less than the average value in I.
The pK a values assigned to the Asp and Glu residues (Table 1 ) are chosen on the basis of an earlier study of the acid-induced unfolding of the apoMb molten globule (19) that found that the Linderstrøm-Lang smeared-charge model describes reasonably well the effect of net positive charge on the stability of the molten globule, with w (the sole adjustable parameter of the model) ϭ 0.05 and with an average value of 4.0 assigned to the intrinsic pK a values of Asp and Glu. In that study, a set of single mutants, each with one basic residue mutated to alanine, consistently increased the stability of the molten globule if the positively charged group was inside the A[B]GH subdomain. Some additional mutants were studied later, and consistent results were found (20) . The pK a value of 3.6 assigned to 13 acidic residues (6 Asp, 7 Glu) in the A[B]GH subdomain is the value found from the Linderstrøm-Lang equation with w ϭ 0.05. It agrees with the value (pK a ϭ 3.54) found by fitting data for the I º U unfolding transition in figure 2 of ref. 21 , by using equation 6 of ref. 2. The CDEF subdomain is treated as being unfolded, and its 9 acidic residues (1 Asp, 7 Glu and 1 C-terminal carboxylate included as being unfolded) are assigned a pK a ϭ 4.0.
Then the values assigned to the average pK a values in I ‡ and N are obtained by fitting the experimental results.
The shift in pH m between acetate and citrate (Table 2) is observed both with WT, whose unfolding occurs in a pH range where His-residues are titrating, and with H24V͞H119F, whose unfolding occurs in a pH range where Asp and Glu residues are titrating. The similar behavior found in these two pH ranges indicates that the effect of anion binding is not restricted to one class of ionizing groups, and is consistent with the effect being one of net charge on molten globule stability. Preferential binding of the citrate anion, which would stabilize the molten globule by reducing its net positive charge (22) , may account for the smaller value of ⌬G NI found in citrate versus acetate. Goto and Nishikori (23) carried out partial acetylation of lysine amino groups in cytochrome c and separated the partially reacted species by net charge using isoelectric focusing; they found that molten globule stability at pH 1.8 varies with net positive charge as expected if anion binding stabilizes molten globules.
Comparison with Related Work. The effect of protonating one residue (Asp 93) on the pH dependence of the unfolding rate of barnase was studied by Oliveberg and Fersht (10) . They found a large rise in unfolding rate below pH m and also a comparably large rise in refolding rate above pH m , implying that the pK a of Asp 93 in I ‡ is roughly half way between its values in the native and denatured states. Our results are quite different, probably because there are important structural differences between barnase and apoMb. Charged Asp-93 in barnase forms part of a buried salt link with Arg-69, and its pK a is strongly shifted in N, down to 0.7 in 50 mM KCl. The fact that the pK a of Asp-93 in the folding transition state is intermediate between its values in the native and denatured states indicates that the ion pair interaction is formed but not fully developed in the transition state. In contrast to charged Asp 93 in barnase, neutral His-24 in apoMb forms a hydrogen-bonded interaction with His-119.
Concluding Comment. Residues with depressed pK a values in the acid range are found commonly in studies of the pH dependence of stability of native proteins (24) . They are thought to be a main contributor to the behavior, commonly observed in globular proteins, in which thermal stability drops sharply at acid pH (25) . Our results suggest that the type of pH dependence found here for the N º Ib reaction of apoMb, with a sharp rise in unfolding rate below pH m and a smaller rise in refolding rate above pH m , is likely to be found commonly in the kinetics of pH-dependent unfolding reactions of small proteins at acid pH, although the barnase results of Oliveberg and Fersht (10) show that this situation will not always occur.
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